Abstract Airborne light detection and ranging (lidar) topography reveals for the first time the trace of the Rodgers Creek fault (RCF) through the center of Santa Rosa, the largest city in the northern San Francisco Bay area. Vertical deformation of the Santa Rosa Creek floodplain expresses a composite pull-apart basin beneath the urban cover that is part of a broader 1-km-wide right-releasing bend in the fault. High-resolution geophysical data illuminate subsurface conditions that may be responsible for the complex pattern of surface faulting, as well as for the distribution of seismicity and possibly for creep behavior. We identify a dense, magnetic basement body bounded by the RCF beneath Santa Rosa that we interpret as a strong asperity, likely part of a larger locked patch of the fault to the south. A local increase in frictional resistance associated with the basement body appears to explain (1) distributed fault-normal extension above where the RCF intersects the body; (2) earthquake activity around the northern end of the body, notably the 1969 M L 5.6 and 5.7 events and aftershocks; and (3) creep rates on the RCF that are higher to the north of Santa Rosa than to the south. There is a significant probability of a major earthquake on the RCF in the coming decades, and earthquakes associated with the proposed asperity have the potential to release seismic energy into the Cotati basin beneath Santa Rosa, already known from damaging historical earthquakes to produce amplified ground shaking.
Introduction
Identifying active fault traces within urban areas is crucial for accurately characterizing fault-rupture hazard, as well as for contributing to an understanding of fault behavior and seismic hazard. The built environment and surface modification in urban areas, however, can mask expressions of active faulting, complicating mapping efforts. Santa Rosa, California, is an important example of a city where development obscures the location and geometry of faulting. Santa Rosa is the largest city in the northern San Francisco Bay area (SFBA) and is located at the junction between major sections of the Rodgers Creek fault (RCF), a principal strand of the San Andreas fault system in the northern SFBA (Fig. 1) . Moreover, Santa Rosa twice has been severely damaged by earthquakes, revealing a propensity for enhanced ground shaking (e.g., McPhee et al., 2007) . Recent acquisition of high-resolution fault-imaging datasets covering Santa Rosa, including subsurface geophysics and detailed topography derived from airborne light detection and ranging (lidar) surveys, provides new capabilities for evaluating the characteristics of faulting in an urban environment.
The widespread acquisition and availability of highquality lidar data in recent years have led to a renaissance in active fault mapping and characterization (Meigs, 2013) . Filtering of lidar point clouds to isolate ground returns makes possible high-resolution "bare-earth" digital elevation models (DEMs) and associated topographic imagery. Lidar remote sensing is particularly useful in areas where traditional methods of mapping geomorphic features using aerial photography are hampered by ground cover. Most studies that make use of airborne lidar to map faults have been located in dense forest canopy, such as in the Pacific Northwest of the United States and parts of Europe (e.g., Haugerud et al., 2003; Sherrod et al., 2004; Cunningham et al., 2006; Lin et al., 2013; Sherrod et al., 2013) . Scarps observed in digital elevation data have been used to target the underlying faults for paleoseismic study and, in some cases, for deep imaging using seismic reflection, gravity, and magnetic data (e.g., Stephenson et al., 1994; Pratt et al., 1998) . Surprisingly few studies have applied lidar technology to finding faults in urban settings (Engelkemeir and Khan, 2008; Kondo et al., 2008) , even though the density of buildings and other ground-obscuring structures makes routine fault mapping difficult and lidar a potentially attractive tool.
In this study, we use lidar, seismic reflection, gravity, magnetic, and geotechnical data to identify surface and subsurface faulting within the urban area of Santa Rosa, located atop a 1-km-wide, 4-km-long releasing bend between the Healdsburg and Rodgers Creek (sensu stricto) sections of the right-lateral RCF (Fig. 1) . The RCF has not had a surfacerupturing earthquake since an event sometime in the eighteenth century documented from trenching studies south of Santa Rosa (Hecker et al., 2005) , despite having a robust late Holocene slip rate (∼6-10 mm=yr right lateral; Schwartz et al., 1992) . This discordance suggests that accumulated slip may have reached or exceeded the amount released in the prior event (∼2 m along the southern portion of the RCF; Budding et al., 1991; Hecker et al., 2005) . The 2007 and 2014 Working Groups on California Earthquake Probabilities considered the mean 30-yr probability of an M w ≥ 6:7 earthquake on the RCF, in combination with the Hayward fault to the south, (a value of 32%) to be as high or higher than for any other fault in the SFBA (Field et al., 2009 (Field et al., , 2015 . Evidence of shallow creep along the RCF, in the vicinity of Santa Rosa and to the north, at rates of up to 6 mm=yr, has been documented recently using a permanent scatterer Interferometric Synthetic Aperture Radar (InSAR) dataset and previous Global Positioning System (GPS) observations (Funning et al., 2007) . Subsequent surveys of alignment arrays at several locations along the fault also have shown evidence of creep . The mean creep rate on the fault is apparently low (∼1:5 mm=yr), however, indicating that the fault is substantially locked and has accumulated enough seismic moment to produce a major earthquake .
Two damaging earthquakes (M L 5.6 and 5.7) occurred to the north of Santa Rosa on 1 October 1969 (Fig. 2a) . These are among the largest events in the northern SFBA since the 1906 San Francisco earthquake and its aftershocks, second only to the 2014 M w 6.0 South Napa earthquake, and underscore the seismic hazard faced by the city. A study of the 1969 sequence by Wong and Bott (1995) verified that the principal events are consistent with dextral slip on the northwest-striking Healdsburg section of the RCF. However, the distribution of aftershocks suggested to Wong and Bott (1995) that a fault strand east of the mapped Holocene trace of the Healdsburg fault may be the seismically active structure (Fig. 2a) . Their study also found that vigorous aftershock activity illuminated a possible cross fault within the poorly characterized stepover to the Rodgers Creek section of the fault, which the authors suggested may act as a barrier to rupture propagation in a large earthquake. Microseismicity on the southern Healdsburg fault near Santa Rosa is abundant, and recent double-difference earthquake locations (Waldhauser and Schaff, 2008 ; see Data and Resources) image a well-defined, steeply northeast-dipping fault plane to a depth of about 9 km (Fig. 2b) . South of Santa Rosa, microearthquake activity is more diffuse but appears to show a near-vertical structure beneath the trace of the Rodgers Creek section of the fault (Wong, 1991; Hardebeck et al., 2007) .
Santa Rosa is situated on the low-gradient Holocene alluvial fan of Santa Rosa Creek (Witter et al., 2006; McLaughlin et al., 2008) ; and, prior to this study, the trace of the RCF was thought to be concealed by young alluvium over a distance of 2 km through central Santa Rosa (Fig. 2c) . The location of the fault across the floodplain was estimated from the projection of mapped strands from the north and south and the presence of a gravity anomaly (Hart, 1982 (Hart, , 1992 Chapman et al., 1983) . A 150-m-long consultant's trench across the southern end of the projected trace found no evidence of faulting in Holocene deposits (BACE Geotechnical, 1992) , although moist soil conditions may have hindered the identification of faults (S. Hecker, unpublished field observations, 1992) . Because the RCF is included within California's Alquist-Priolo earthquake fault zones, its location on official maps has regulatory implications for new construction and real estate transactions (Bryant and Hart, 2007) . Moreover, knowledge of the location and shallow geometry of the fault may contribute to modeling of ground-shaking hazard. The 1969 Santa Rosa earthquakes and the 1906 M w 7.9 San Francisco earthquake caused significant damage in Santa Rosa, and ground-motion simulations of these events show that the configuration of an underlying sedimentary basin, which is about 1 km deep and located west of the RCF (as defined by gravity data), may be partly responsible for the enhanced shaking and concentrated damage (McPhee et al., 2007) .
Using bare-earth imagery from a 2007 lidar survey along the RCF, locally verified by field inspection, we identify small scarps through Santa Rosa that define a structurally complex Figure 1 . Shaded relief map of the San Francisco Bay area illustrating major faults and the location of the city of Santa Rosa with respect to the Healdsburg and Rodgers Creek sections of the Rodgers Creek fault. Faults modified from Jennings (1994) and Graymer et al. (2006) . Inset shows an index map of the region with respect to the plate boundary.
zone of principally transtensional faulting up to 0.4 km in width. To investigate structural controls on the pattern of surface deformation, we compare our fault-trace mapping with subsurface imaging of underlying structures from highresolution geophysical surveys and geotechnical exploration. Various geophysical and geotechnical studies, including gravity, magnetic, and seismic-reflection surveys, have been conducted in the Santa Rosa urban area in recent years to provide constraints for earthquake-hazard assessment and groundwater basin models (e.g., McLaughlin et al., 2008; Williams et al., 2008; Langenheim et al., 2010; Sweetkind et al., 2010; Fugro William Lettis and Associates, 2011) . One purpose of these subsurface studies has been to image the structure and stratigraphy associated with the RCF beneath Santa Eaton, unpublished manuscript, 1970) and the approximate locations of the 1969 mainshocks (stars) from Wong and Bott (1995) . (b) Northwest cross-sectional view (X-X′) showing seismicity within 5 km of the profile line (HF, surface trace of Healdsburg fault; flt, other fault). The 1969 mainshocks, which have large location errors, are omitted from this view. The double-difference earthquake locations image multiple subparallel fault strands, likely an effect of variations in fault geometry within the projected swath. The bracketed width of the HF reflects this variation at the surface. The 1969 aftershocks appear to be displaced about 1 km east of relocated seismicity along the Healdsburg fault. This could be a systematic error in the absolute locations of the 1969 events or, alternatively, seismic activity on fault strands east of the HF. (c) Image showing the trace of the RCF through central Santa Rosa as inferred prior to this study (Hart, 1992 ; base imagery from Google Earth, dated 24 October 2009). Thin lines on either side of the fault in the top image denote boundaries of airborne lidar survey (see Data and Resources) and bracket the extent of the seismic-reflection profile along Sonoma Avenue included in this study; short thick line marks geotechnical transect along Sonoma Avenue. (d) Expanded view, showing the locations of cone penetrometer tests (CPTs, circles) and exploratory boring (triangle) along Sonoma Avenue and the extent of the hammer seismic-reflection profile in Doyle Park (alignment of small diamonds). Rectangle indicates area of imagery from terrestrial lidar survey (Fig. 8) . Base imagery is from Google Earth (dated 20 April 2013). The color version of this figure is available only in the electronic edition.
Rosa. Interpretation of these geophysical datasets corroborates the faulting origin of topographic features identified with lidar and reveals the importance of the geologic framework in controlling active deformation.
Methods
Lidar Bare-Earth DEM
We examined the Santa Rosa urban area for evidence of surface faulting using a 0.5-m-resolution bare-earth DEM from a targeted airborne lidar survey of the RCF (Fig. 2c) . High-density (5 points=m 2 ) lidar data were acquired by The National Center for Airborne Laser Mapping (NCALM) in 2007 for National Science Foundation (NSF)-EarthScope along the principal active faults in northern California to provide a high-resolution topographic dataset for detailed fault mapping and characterization (see Data and Resources; Prentice et al., 2009) . We used a mosaic of 1 km 2 tile DEMs to map the distribution of faulting and to measure scarp heights. We explored derivative products, in particular hillshade, slope-shade, slope-aspect, and topographic-contour maps, to see which best highlight the subtle geomorphic features on the floodplain. Near the south end of the study area in Doyle Park, where surface faulting is poorly expressed, we collected terrestrial lidar data to augment the airborne lidar survey. The specifications for this data acquisition and processing are included in the Appendix.
Gravity and Aeromagnetic Surveys
We analyzed gravity and aeromagnetic data to infer the position of the long-term trace of the RCF and examine the relationship of active faulting and seismicity to broader features in the basement. Most of the gravity data are from detailed profiles collected in Santa Rosa by Chapman et al. (1983) , augmented by regional data and by measurements collected in 2008 along a westward continuation of the Sonoma Avenue seismic-reflection profile described below. Data were processed using standard formulas as described in Langenheim et al. (2006) to produce isostatic residual gravity anomalies, which reflect, to first order, density variations in the upper and middle crust. Aeromagnetic data are from a survey flown at a nominal height of 300 m above terrain along flight lines 500 m apart (U.S. Geological Survey, 1997).
To define the edges, or boundaries, of dense or magnetic bodies that are truncated by faults, we use the maximum horizontal gradient method (Cordell and Grauch, 1985; Blakely and Simpson, 1986) . Gradient maxima occur approximately over steeply dipping contacts that separate rocks of contrasting densities or magnetizations. We calculated magnetization boundaries on a filtered version of the magnetic field to isolate anomalies caused by sources at about 1 km depth (Phillips, 2001) and to remove the dipole effect and convert the magnetic field into the equivalent gravity field (Baranov, 1957) . For moderate to steep dips (45°to vertical), the error in the location of the physical property contrast is less than or equal to the depth to the top of that contrast and is generally less for steeper dips (Grauch and Cordell, 1987) .
Seismic-Reflection Surveys
We collected high-resolution (2.0-5.0 m station and 2.0-10 m source interval) P-wave seismic-reflection data across the Santa Rosa urban area, crossing the projection of the RCF along Sonoma Avenue, a major thoroughfare, and along a shorter (500 m long) profile to the south in Doyle Park ( Fig. 2c and 2d) . The seismic-reflection data permit interpretation of faulting from a depth range of about 20-700 m and help to verify basement depth and basin shape modeled from the gravity and magnetic data. The seismic data also provide a view of how faults in the subsurface connect to the subtle surface scarps interpreted in the lidar data.
For the Sonoma Avenue profile, collected in 2007, we used the vibroseis method with the minivibe seismic source operated on the north edge of the street during light to moderate traffic. In Doyle Park, in 2008, we collected a short profile from east to west across the length of the park using a hand-swung, 3.6 kg sledgehammer as the energy source. This profile was designed to image structure within 100-150 m of the surface. Data acquisition and processing parameters for both profiles are summarized in the Appendix.
Subsurface Geotechnical Investigation
We used a transect of cone penetrometer tests (CPTs) and a geotechnical boring collected along the south lane of Sonoma Avenue in 2011 for design of a replacement water pipeline (Fig. 2d) to evaluate the near-surface location and width of the RCF. The depth of the CPT soundings varied from ∼12 to 20 m, generally shallower than the depth interval imaged by the seismic-reflection data. An exploratory boring, drilled to a depth of 12.5 m using mud rotary drilling techniques, was done to validate stratigraphy inferred from nearby CPTs (Fig. 2d) and to obtain samples at the depth of the pipeline for laboratory testing of soil properties. Discrete layers of sands, silts, and clays were interpreted from the CPT data based on the friction ratio (skin friction of the probe divided by the tip resistance) using the method of Campanella and Robertson (1981) . Stratigraphic contacts of laterally continuous layers were extrapolated between the 12 CPTs and the boring to construct a geologic cross section along the 365-m-long exploration transect and to identify stratigraphic discontinuities that may signify the locations of faults.
Results

Potential-Field Anomalies
The long-term position of the RCF can be inferred from density and magnetization boundaries calculated from gravity and aeromagnetic data. Density and magnetization con-trasts can reflect faults that have juxtaposed rocks of differing magnetic and density properties and thus have significant (> 1 km) vertical and/or horizontal displacements. Significant potential-field gradients in the region coincide with the mapped traces of the Maacama fault and parts of the Rodgers Creek and Healdsburg fault sections (Fig. 3) . The source of gravity and magnetic highs in this region primarily resides within the Mesozoic-age basement rocks (defined here as the Franciscan Complex).
Prominent aeromagnetic anomalies are caused by magnetic basement rocks such as ophiolite, although shortwavelength, discontinuous anomalies may also be caused by magnetic rock types in the Neogene Sonoma Volcanics , such as basalt and andesite flows. (Williams et al., 2008) crosses the RCF. This is the portion of the profile along Sonoma Avenue included in this study and displayed in Figure 11 . Seismicity along Y-Y′ is shown in Figure 16 . Note how 1969 aftershocks appear to be associated with the northern margin of the dense, magnetic body beneath Santa Rosa. See text for further discussion. The color version of this figure is available only in the electronic edition.
Long, continuous magnetic highs are likely caused by exposed or shallowly concealed serpentinite, such as the relative high along the Maacama fault that coincides with outcrops of Jurassic-age serpentinized ultramafic rocks (Fig. 3a; McLaughlin et al., 2008) . Gravity data are sensitive to the density distribution of the subsurface, primarily the contrast between Cenozoic basin fill and the more-dense pre-Cenozoic basement rocks in this area. Significant gravity lows define the Windsor and Cotati basins west of the RCF (Fig. 3b) , which is corroborated by seismicreflection data (Williams et al., 2008) . Gravity highs with values greater than 0 mGal coincide with exposures of serpentinized ultramafic rocks and the Franciscan Complex mélange northeast of the Maacama fault, although the source of the more prominent gravity high underlying the Bennett Valley is not obvious from surface outcrops. Because of the absence of a coincident magnetic high, McLaughlin et al. (2008) interpret the most likely candidate for the source of the Bennett Valley gravity high as ophiolite that has not been extensively serpentinized or greenstone of the Franciscan Complex. The margins of this body coincide with the RCF on the southwest and the Bennett Valley fault on the northeast (Fig. 3b) .
Of particular interest to this study are the coincident small, but prominent, gravity and magnetic highs beneath Santa Rosa that are bounded on the west by the RCF (Figs. 3 and 4; McLaughlin et al., 2008) . The northwest part of the Bennett Valley gravity high narrows to a width of 1-2 km and forms an isolated high that coincides with the apex of a magnetic high that is roughly 3 km long and 1-2 km wide. The source of this anomaly is not known, but a distinct possibility is gabbro, part of the ophiolite and a rock type that is both magnetic and dense. The southwest edge of this body produces gravity and magnetic gradients that have been used to map the long-term trace of the RCF across the Santa Rosa floodplain (Chapman et al., 1983; McLaughlin et al., 2008) .
Lidar Observations
The bare-earth imagery of central Santa Rosa, which largely removes the obscuring effects of the urban environment, reveals that the low-gradient (∼1°) surface of the Santa Rosa Creek alluvial fan is a high-quality strain marker, preserving in some detail the recent pattern of vertical deformation. A DEM from the airborne lidar dataset overlaid on a derivative hillshade with illumination from the northeast effectively highlights small, subtle scarps on the floodplain (Fig. 5) .
A first-order feature of the deformation pattern is the outline of a pull-apart basin. The surface expression of the basin, which spans much of the floodplain, is trapezoidal in plan view, about 1.2 km long and 0.38 km wide at its center, and bifurcates at its south end, forming an intrabasin and, to the east, a small separate basin (Fig. 5b) . The ground surface within the composite basin is nearly flat, a decrease in slope that may be due to block rotation or ponding of sediments. The west-facing scarp that delineates the eastern margin of the main basin (strand 1 in Fig. 5b ) is about 1 m high and gently sloping (∼4°; Fig. 6 , profile A-A′). Where this scarp dies out to the south, deformation transfers across en echelon steps to two subtler scarps (strands 2 and 3) that define the boundaries of the eastern small basin (Figs. 5b and 6, profile B-B′). Spring Creek, a tributary of Santa Rosa Creek, flows westward across this slight surface depression and, where the channel crosses the upstream-facing scarp (strand 2), it forms a small, tight meander loop in apparent response to the reduction in gradient (Fig. 5) . This east-facing scarp is expressed as a broad rise in the overall westward grade of Sonoma Avenue.
Scarps along the eastern margin of the main pull-apart basin and the western margin of the smaller basin (strands 1 and 2, Fig. 5b ) coincide with the magnetization and density boundaries that mark the southwest side of the buried dense, magnetic body (Figs. 4 and 7) . This map-view alignment of scarps and potential-field boundaries implies that these strands of the fault may be vertical and related to the longterm position of the fault in basement rocks.
The main pull-apart basin is flanked on its northeast side by a narrow, northwest-trending zone of uplift (strand 4, Fig. 5b ). The upwarped alluvium, which is a topographically subdued (0.5-1.5 m high) continuation of a ridge to the north in Tertiary bedrock, is inferred to be a pressure ridge formed by a reverse component of slip. The ridge is asymmetric, the ground surface to the west, within the narrow neck of the pull-apart basin, is about 1 m lower than the surface to the east (Fig. 6 , profile C-C′).
The lidar-imaged scarp along the western margin of the main basin (Fig. 5b, strand 5 ) is a sharp, linear feature generally less than 0.5 m high (Fig. 6 , profile D-D′) that lies approximately on trend with previously recognized traces of the RCF to the south and north of central Santa Rosa (compare Fig. 5b with Fig. 2c ). This scarp loses expression south of the pull-apart basin, where the continuation of faulting may be gleaned from a barely perceptible flattening of the westward gradient of Sonoma Avenue (Fig. 6, 4 for location of area). The elevation ramp is nonuniform and emphasizes the low-elevation changes in relief; contrast has been adjusted to increase definition. Streets form prominent grid patterns on the floodplain, which slopes gently (∼1°) to the southwest. (b) Same image as (a) but annotated with interpreted pattern of recent faulting. Fault scarps outline a complex pull-apart basin beneath the city (numbers identify strands discussed in text). The dashed traces at the north end of the area are based on published mapping (Hart, 1992) . Profile lines denote topographic profiles extracted from DEM ( Fig. 6 ), as well as the location of the seismic-reflection survey along Sonoma Avenue (B-B′; profile shown in Fig. 11 ). The rectangular outline in Doyle Park is the area of the terrestrial lidar survey of the Spring Creek offset (Fig. 8) . The color version of this figure is available only in the electronic edition.
farther south in Doyle Park, by a broad dextral bend and apparent offset in Spring Creek. Terrestrial lidar data acquired in Doyle Park reveal a fault strand that cuts obliquely through an offset-related meander in the creek (Fig. 8 ). This fault lineament, which is expressed as shallow linear swales in the upper banks of the creek, is oriented N15°E, about 35°clockwise of the general trend of the fault, suggesting that the lineament is part of a left-stepping, en echelon arrangement of fractures.
Seismic-Reflection Profiles
Despite noisy urban conditions along Sonoma Avenue, data quality for the vibroseis profile is excellent, as evidenced by the prominent reflections on unprocessed field records (Fig. 9a) . The reflections allow for good depth control (e.g., about 4 to 6 m) on these data. However, after processing, a residual amount of pervasive, coherent noise from traffic and from the vibration of buried pipelines caused by the source still remains. The noise was recorded primarily as surface waves with frequencies near the passband of our data (for processing specifications, see the Appendix).
Data quality for the hammer profile in Doyle Park is poorer, apparently because of the weaker source energy and absorptive conditions. Reflections in Doyle Park are fewer and harder to separate from the noise, and the nonlinear first arrivals are suggestive of a more complicated near-surface impedance structure (Fig. 9b) . Ambient noise problems in Doyle Park included nearby pedestrian and dog traffic, some vehicle traffic, and coherent noise induced in the seismic cables from radio transmissions emanating possibly from wireless networks.
Quaternary alluvium and Pliocene sedimentary deposits, which are the primary groups of deposits imaged in this study, create highly continuous reflection sequences. The underlying seismic basement surface, which in this area consists of the top of either Sonoma Volcanics or the Mesozoicage Franciscan Complex, generates the highest amplitude reflections on the more deeply penetrating vibroseis profile.
The Sonoma Avenue profile crosses the Santa Rosa Creek floodplain at the latitude of the eastern small basin south of the main pull-apart basin observed on the lidar imagery (Fig. 5b, along B-B′; Fig. 10 ). The profile images an ∼400-m-wide zone of arched reflectors that extends at least to the limit of depth resolution (∼20 m below the surface; Fig. 11 ), although uplift is not evident at the ground surface (Fig. 6, profile B-B′) . Reflectors in this zone are arched upward 20 m or more, defining an apparent flower structure that narrows with depth. Within the arch, we interpret minor faulting of the Quaternary deposits with perhaps 6-8 m of vertical separation. A steep east-dipping fault marks the west side of the arch (Fig. 11) and forms the east side of a poorly resolved minor arch (∼100 m in width above 100 m depth). This prominent fault lies below and west of the southward projection of the scarp that forms the west side of the main pull-apart basin (strand 5, Fig. 5b ). The east side of the zone of arched reflectors is bounded by a steep west-dipping fault that cuts through all reflectors of the Pliocene to Pleistocene (?) section in the 25-150-m-depth range (Fig. 11) . This fault lies underneath the scarp that delineates the west side of the small topographic basin (strand 2, Fig. 5b ) and may correspond to the basement-bounding fault inferred from density and magnetization boundaries.
Reflectors imaged east of the main arch dip gently westward and are suggestive of a 250-m-wide basin structure 750  700  650  600  550  500  450  400  350  300  250  200  150  100 (between shot points ∼212 and 167, Fig. 11 ) below the topographic depression. The eastern margin of the basin in the subsurface is subjacent to the broad scarp that defines the eastern side of the basin at the surface (strand 3, Fig. 5b) . East of the basin to the end of the profile at Highway 12, the reflectors are generally flat-lying to subhorizontal and appear unfaulted down to about 200 m depth. Nearby water-well driller's logs permit association of one reflector with the Pliocene Glen Ellen Formation (Fig. 11, bottom panel; D. Sweetkind, unpublished data, 2008) . Reflectors lower in the section appear to unconformably overlie and truncate against a prominent, undulating basal reflector at a depth of about 200 m, interpreted as the top of basalt flows of the Sonoma Volcanics, based on nearby driller's logs (Fig. 11 , bottom panel; Chapman et al., 1983; Sweetkind et al., 2010) .
To the west of the RCF and the zone of arched reflectors, the Quaternary-to-Pliocene section, which is interpreted to be at least 100 m thick, appears to be relatively undisturbed over a distance of several hundred meters (Fig. 11) . Below this section, deposits appear less reflective to a depth of about 400 m and, below this depth, form gently eastward-dipping and thickening wedges of probable sedimentary-basin origin. This depositional pattern, which is imaged to a depth of at least 800 m, supports the previous interpretation of a basin west of the fault (the Cotati basin) based on a gravity low in this area (McPhee et al., 2007) . The Mesozoic basement rocks of the Franciscan Complex are not clearly imaged in the reflection data, but inversion of gravity data indicates that the top of Franciscan Complex on the west side of the RCF is about 1 km deep.
The seismic-reflection profile through Doyle Park ( Fig. 2d; Fig. 10) shows that the zone of faulting interpreted beneath Sonoma Avenue continues in a similar fashion along strike to the south (Fig. 12) . In the context of the wider aperture of the Sonoma Avenue profile, the Doyle Park profile appears to show four main features in the 20-100 m depth range: (1) the western half of the broad main arch; (2) the prominent, western arch-bounding strand of the RCF; (3) a sharper image of the smaller arch and associated faulted set of reflectors west of the main fault, wider here than along Sonoma Avenue; and (4) flat-lying reflectors in the upper part of the Cotati basin farther west. The topographically subtle evidence of faulting in Doyle Park (Fig. 5) , although consistent with faulting that is broadly distributed, belies the extensive deformation observed in the subsurface.
Borehole and Cone Penetrometer Tests
The transect of CPT soundings, together with the borehole, along Sonoma Avenue (Fig. 10) indicates several fault strands that displace alluvial layers at intermediate to shallow depths on the margins of the main arch (Fig. 13) . The CPT ing interpreted from lidar data in relation to the density boundary (dark circles) and the magnetization boundary (white crosses) calculated from gravity and aeromagnetic data. These potential-field boundaries delineate the southwest edge of the dense, magnetic body beneath Santa Rosa (Fig. 4) . The location of the cross section through the zone of the 1969 aftershocks (line Y-Y′, Fig. 3 ) is shown where it crosses the image. Note that the gravity gradient widens where it approaches the south side of the Santa Rosa Creek floodplain and is expressed by two sets of density boundaries that reflect deformation that has uplifted and exposed older basin fill and Sonoma Volcanics . The magnetic gradient in this area crosses to the west side of the RCF and then parallels the fault southward for about 2 km ( Fig. 4 ; McLaughlin et al., 2008) , indicating a sliver of magnetic rock, most likely serpentinite, caught up within the RCF. The color version of this figure is available only in the electronic edition. logs define a section of dominantly sand with interbedded silts and clays below a depth of about 8-10 m that is laterally continuous through the core of the arch (between approximately Hoen Avenue and Bishop Drive) but is disrupted toward the margins. This alluvial material is inferred to consist of thick, coarse sheet flood deposits interbedded with finergrained flood deposits of the ancestral Santa Rosa Creek drainage. Predominately sand-rich layers in the core of the arch are faulted against sand layers with intervals of silts and clays to the east and west. Higher in the section, a prominent sand layer is laterally continuous for a greater distance to the west (to between CPT C-8 and C-10, in the vicinity of the western fault trace, Fig. 13 ), consistent with faults that are either buried at this level or show little vertical separation of deposits. Thin layers of sand, silt, and clay identified at shallow depths along the transect, which may represent the present-day depositional setting of channels and overbank deposits, are more difficult to correlate laterally and therefore less diagnostic of faulting. However, a fault strand identified near the east end of the transect on the eastern margin of the arch juxtaposes alluvial sequences that are markedly different (Fig. 13) . This fault lies beneath the broad east-facing scarp crossing Sonoma Avenue that forms the western margin of the small pull-apart basin (strand 2, Fig. 5b ).
Expression of the RCF in the Context of Plate Motion and the Basement Body Beneath Santa Rosa
The ground surface in central Santa Rosa expresses both extensional and compressional modes of deformation, in association with small-scale fault bends and the overall rightreleasing orientation of the stepover. The average strike of the RCF (N34°W) is slightly counterclockwise of the inferred plate-motion direction (N31:3 1:4°W, relative to the Sierran microplate; Argus and Gordon, 2001) , producing an angle of convergence across the fault of about 3°. A component of shortening is reflected in the mountainous and hilly terrain that characterizes most of the fault, with generally higher elevations to the east (Fig. 2a) . Variations in fault trend, however, result in locally divergent motion. Santa Rosa is located within the fault's largest releasing stepover and, correspondingly, its broadest topographic low (Fig. 2a) . Between the right bends that define the stepover, the strike of the fault is 10°clockwise of the overall average strike, and thus about 7°clockwise of the inferred plate-motion direction, resulting in net divergence across the fault at this latitude and promoting extensional oblique-slip motion and pull-apart development. The low relief in the stepover between the Rodgers Creek and Healdsburg sections of the RCF is superposed on a broader topographic depression formed by the transfer of slip across a 5-km-right-releasing stepover between the southern Rodgers Creek-Bennett Valley faults and the Maacama fault to the northeast during the past 1 Ma ( Fig. 2a ; McLaughlin et al., 2008 McLaughlin et al., , 2012 .
The transpressional and transtensional faults that bound the north end of the RCF pull-apart basin in Santa Rosa intersect at a sharp angle, forming a kinematically complex intersection (Figs. 14 and 15a) . The pressure ridge that flanks the northeast side of the basin has a left-restraining orientation with respect to plate motion (convergence angle of ∼25°), consistent with reverse-oblique faulting. To the south, the pressure ridge transitions to the west-facing basinbounding (presumably normal-oblique-fault) scarp across an . Examples of (a) unstacked vibroseis and (b) hammer field records showing shallow-refraction velocity structure (top annotated line segments) and reflection events (bottom curvilinear segments). The vibroseis record is from the portion of the Sonoma Avenue profile that crosses the RCF zone (referenced by street names , Fig. 10) ; the hammer record is from the western end of the Doyle Park profile, with all recording channels located west of the fault. The hammer source was located at station 345, and the record channels displayed are from station 388 on the west to station 269 on the east (Fig. 10) . The color version of this figure is available only in the electronic edition.
abrupt bend that takes the fault from a restraining to a releasing orientation (Figs. 14 and 15b) . Santa Rosa Creek crosses this strand of the fault where it turns, coinciding with the reversal from transpression to transtension, where vertical displacement is hypothetically zero. A few hundred meters north of the pull-apart basin, the fault makes another bend to the right that takes it from a restraining back to a releasing orientation and produces an attendant change in the polarity of vertical displacement (top of Fig. 14) . This small restraining double bend is counter to the overall rightreleasing geometry of the fault stepover and causes an enhancement of the releasing geometry to the south and accompanying development of the pull-apart basin.
We speculate that the structurally complex configuration of the RCF in Santa Rosa is directly related to the presence of the underlying dense, magnetic body. The pull-apart basin, the eastern margin of which aligns with the body's western edge (Fig. 7) , is evidence of deformation in the volume of rock between where the body abuts the RCF at depth and the up-dip continuation of the fault, which forms the basin's western margin. The double fault bend at the north end of the pull-apart basin accommodates the widening of the deformation zone in the vicinity of the basement body and the eastward (left-restraining) deviation of the zone from the general trend of the RCF through the stepover.
Interaction of the RCF with the Basement Body as Imaged by Seismicity
The small, but prominent basement body beneath Santa Rosa appears to be flanked to the north by a northeast-striking zone of aftershocks from the 1969 earthquakes (Fig. 3) . It should be noted, however, that the aftershocks may have significant location uncertainty (Wong and Bott, 1995) , especially those recorded before a temporary seismic network was established the day after the mainshocks. Also, the aftershocks and the more recent double-difference earthquake locations likely have errors in absolute locations because of the 3D velocity structure associated with the dense basement body. Given these caveats, a longitudinal section through the aftershock zone shows an alignment and concentrations of microseismicity that appear to illuminate a steeply northeastdipping fault plane to a depth of 8-9 km cutting beneath the basement body (Fig. 16 ). This alignment projects upward toward the Holocene surface trace of the RCF. In map view, the pressure ridge at the north end of the pull-apart basin, which diverges from the density-magnetization boundary at the basement body's north end (Figs. 4 and 7) , coincides with the southwest end of the aftershock zone (represented by line Y-Y′ in Fig. 7) . Near-fault and off-fault seismicity (both aftershocks and double-difference earthquakes) clusters around the margins of the dense, magnetic body and forms two groups: a group to the west at shallow depths (∼2-3 km) and a group to the east at greater depths (7-8.5 km, Fig. 16 ). We speculate that this cruciform pattern of aftershocks, which was recognized by Wong and Bott (1995) , reflects postearthquake stress concentrations where the RCF intersects the sides of the body, possibly similar to those modeled by Campbell (1978) for a mafic, relatively rigid body embedded in more pliable rocks.
The larger Bennett Valley gravity high that extends southeast of the dense, magnetic body appears to influence seismicity patterns to the southeast of Santa Rosa ( Fig. 3b ; Figure 11 . Stacked vibroseis seismic-reflection profile along Sonoma Avenue (along line B-B′ in Fig. 5b) showing interpretation, in the bottom panel, of faults (subvertical lines; thicker where arch-bounding) and related structural features. Identification of prominent reflectors, the Pliocene Glen Ellen Formation and a basalt layer that likely corresponds to the top of the Sonoma Volcanics, is based on correlation with nearby water-well logs (D. Sweetkind, unpublished data, 2008; Sweetkind et al., 2010) . Faults may extend farther upsection than indicated; the western trace marks the intersection of the profile with surface strand 5 from Figure 5b , and the eastern basin shows where the topographically expressed basin intersects the profile (Figs. 5 and 10) . The white rectangular outline shows the horizontal and vertical extent of the hammer profile in Doyle Park (Fig. 12) . Survey shot points are labeled along the horizontal axes for reference (see Fig. 10 for locations). The color version of this figure is available only in the electronic edition. McLaughlin et al., 2008) . Precisely relocated seismicity avoids the dense basement body in this region, concentrating on the bounding Rodgers Creek and Bennett Valley faults.
Summary and Discussion
Nature of Faulting at Santa Rosa A high-resolution DEM from airborne lidar reveals the previously unmapped connection between the Healdsburg and Rodgers Creek sections of the RCF within a 1-km-wide extensional stepover in the city of Santa Rosa. Vertical deformation of the Santa Rosa Creek floodplain delineates a complex pull-apart basin as wide as 0.4 km and spanning approximately half of the 4 km length of the stepover area (Fig. 5) . The western margin of the pull-apart basin lies approximately on trend with more conspicuous scarps north and south of the floodplain that together express a connecting oblique-slip fault between two releasing bends in the RCF. Where the fault bifurcates at the north end of the pull-apart basin, the eastern strand bends left in a slip-restraining direction (Fig. 14) . This contractional bend effectively creates, to the south, a compensating releasing geometry within the fault that is accommodated by pull-apart development.
Subsurface information from high-resolution geophysical datasets provides insight into the character of deformation beneath central Santa Rosa. A body of dense, magnetic Mesozoic-age basement rocks, inferred from gravity and aeromagnetic data, appears to strongly influence the distribution of seismicity and the configuration of shallow faulting (Figs. 3, 4, and 7) . Although the principal (western) strand of the RCF, which dips steeply to the east, appears to truncate the basement body at depth (between ∼3 and 8 km; Fig. 16 ), the distribution of surface deformation and microearthquakes suggests that faulting and stress concentrations occur in areas adjacent to the body as well. The pull-apart basin's eastern margin follows the edge of the basement-basin interface (Fig. 7) , and seismicity clusters around the body at apparent fault intersections (Fig. 16) . thicker for main fault) and related structural features. Survey shot points are labeled along the horizontal axes for reference (see Fig. 10 for locations). The color version of this figure is available only in the electronic edition.
Development of the pull-apart basin evidently reflects distributed transtensional stresses in the volume of crust between the basement-body impediment on the east side of the RCF and the up-dip continuation of the fault's principal strand.
The breadth of the zone of faulting across the southern end of the pull-apart area can be seen on high-resolution seismic-reflection and geotechnical-sampling profiles to depths of several hundred meters (Figs. 10-13 ). Dipping reflectors image pull-apart development in the subsurface, localized here to a 0.25-km-wide eastern basin, a structural and topographic sag formed above the basement body's western edge (Figs. 5b, 7, and 11) . The principal strike-slip fault to the west, which appears to follow a long-lived structure along the eastern side of the Cotati basin (Fig. 11) , manifests as multiple strands in the near surface (Figs. 12 and 13 ). This fault cuts reflectors that form the west side of a broad arch and the east side of a smaller arch, evidence of folding that is not apparent in the overlying late Holocene floodplain. This folding thus either predates the current phase of deformation or is occurring at rates too low to be resolved in the landscape. A broad zone of surface uplift, folding, and faulting along strike in the hills south of the stepover area S. Hecker, unpublished mapping, 2015) may represent ongoing fold development along the RCF.
Seismic-Source Implications of the Basement Body beneath Santa Rosa Discontinuities in structure, along-strike changes in seismicity patterns, and the occurrence of moderate-magnitude earthquakes, as well as the perception of a possible gap in surface faulting, have led to the hypothesized presence of an earthquake segment boundary at Santa Rosa (Budding et al., 1991; Wong and Bott, 1995) . The continuity of surface faulting documented in this study, however, and the small scale of the releasing-bend offset between the Healdsburg and Rodgers Creek sections of the RCF argue against a large-earthquake segment boundary here. Numerical modeling of extensional stepovers between parallel strike-slip faults indicates that the presence of linking normal faults greatly increases the likelihood of throughgoing rupture compared with unlinked stepovers (Oglesby, 2005) and that the presence of linking strike-slip faults allows rupture to propagate through shallow stepover angles (Lozos et al., 2011) . Analyses of empirical data from historical strike-slip surface ruptures show that about two-thirds of ruptures end at disconnected fault steps or at the termini of active fault traces (Wesnousky, 2006 (Wesnousky, , 2008 and that ruptures usually propagate through releasing stepover basins less than 1-2 km wide (Lettis et al., 2002) . Nonetheless, mechanical and structural irregularities associ- ated with the dense, magnetic body beneath Santa Rosa may be reasonably expected to impede rupture propagation and may increase the likelihood that ruptures terminate (see also Knuepfer, 1989; Lettis et al., 2002) or at least become complex and distributed in this area. Alternatively, if ruptures begin in the vicinity of the basement body, they may propagate bilaterally along both sections of the fault.
Several lines of evidence suggest that the basement body beneath Santa Rosa, possibly together with rocks of the larger Bennett Valley gravity high to the south, is an asperity that plays an important role in seismic-energy release on the RCF. The pattern of near-surface faulting in central Santa Rosa is consistent with deformation resulting from intensified frictional resistance where the basement body abuts the fault at depth. The creep rate of the RCF varies along strike, and it may be highest from Santa Rosa northward to Healdsburg but lower to the south on the Rodgers Creek section of the fault (Funning et al., 2007; Lienkaemper et al., 2014; McFarland et al., 2014) . This apparent southward decrease in slip released by creep, which implies a concomitant southward increase in fault locking, suggests that stress released aseismically north of Santa Rosa may be loading a relatively locked portion of the fault in the vicinity of the basement body. The two closely timed 1969 mainshocks, the largest earthquakes on the fault historically, were approximately located just a few kilometers north of the basement body, near the northern end of the fault's releasing geometry (Fig. 2a) , and the resulting aftershocks illuminated areas of stress concentration on a complex array of structures around the northern end of the body (Figs. 3 and 16 ). An along-strike change in slip behavior also may cause, over many earthquake cycles, bending of the upper part of a fault due to an accumulation of nonelastic strain in surrounding rocks (Simpson et al., 2006) . This possibility, which should be investigated for the bend at Santa Rosa, has been demonstrated through deformation modeling and observations to be viable for the Cholame Valley right stepover in the creeping trace of the San Andreas fault at the north end of the locked zone that last ruptured in the M w 7.9 Fort Tejon earthquake of 1857 (Simpson et al., 2006) . The postulated effect of the Santa Rosa basement body on the behavior of the RCF is comparable with that of the San Leandro gabbro on the Hayward fault. The San Leandro gabbro is a 3-km-wide dense magnetic body that is bounded on the southwest by a steeply dipping Hayward fault and an associated cluster of microseismicity (Ponce et al., 2003) . At shallow depths, the fault splays into a complex zone and makes a right-releasing bend, cutting into the San Leandro block. The gabbro, which outcrops at the surface, has the highest coefficient of friction (∼0:8) of materials sampled along the Hayward fault (Morrow et al., 2010) . The gabbro body has been interpreted as the fault's strongest asperity, and it is located within a large locked or slip-retarded patch that may control the potential size and frequency of large earthquakes on the fault (Lienkaemper et al., 2012) .
The proposed existence of a strong asperity beneath Santa Rosa leads to enhanced ground-shaking hazards in the city and surrounding areas. Santa Rosa already has experienced severe shaking from both local (1969) and regional (1906) earthquakes, a proneness to large ground motions that is attributed to basin-configuration and edge effects (McPhee et al., 2007) . The rock body beneath Santa Rosa forms the steep edge of the basement depression in the northeast corner of the Cotati basin where earthquake damage historically has been concentrated. If the rock body is a strong asperity that breaks in large earthquakes on the RCF, it has the potential to release large amounts of strain suddenly, introducing a pulse of high-amplitude, high-frequency ground motions directly into the basin. Proximity to the prospective energy source may be the primary factor that would determine the strength of ground shaking in much of Santa Rosa, but basin characteristics that amplify and trap seismic waves would be expected to contribute to both the strength and duration of shaking in Santa Rosa and in nearby communities. . We tentatively interpret the steep eastward-dipping alignment of seismicity that projects toward the surface trace of the RCF as evidence of the fault along the base of the basement body, and the prominent clusters of seismicity as indicating areas of stress concentration and complex faulting where the RCF intersects the sides of the body. Note that because the cross section is oblique to the local fault strike, seismicity attributed to the RCF would image an apparent dip that projects to the surface west of where the section line intersects the fault trace. Potential systematic error in aftershock locations also could cause projection misalignment. The color version of this figure is available only in the electronic edition.
Conclusions
The results of this study demonstrate the value of highresolution lidar in mapping faults in an urban setting and of integrating surface-trace mapping with subsurface datasets to infer fault geometry and rupture behavior. We interpret the complex trace of the RCF through Santa Rosa, mapped using a high-resolution lidar DEM, as an expression of rupture above a strong asperity on the fault. The asperity is imaged from geophysical data as a dense, magnetic body that is in contact with the east side of the fault and that appears to influence the local distribution of microseismicity. An apparent southward decrease in creep rates on the fault north of the basement body and, in the same vicinity, the occurrence of a pair of significant earthquakes in 1969 points to a patch of the fault that is accumulating stress.
The relatively high probability of a large-magnitude earthquake on the RCF in the coming decades (e.g., ∼30% in 30 yr for an M w ≥ 6:7 event on the Rodgers Creek-Hayward fault; Field et al., 2009 Field et al., , 2015 gives urgency to efforts to mitigate ground shaking and surface-rupture hazards in the Santa Rosa area. Slip on the asperity in a major earthquake is likely to cause particularly strong shaking in the near field and in locations above the adjoining Cotati basin known to be prone to amplified ground motions.
Data and Resources
The airborne lidar data used in this study are from the EarthScope Northern California Lidar Project, 2007 (dx.doi. org/10.5069/G9057CV2, last accessed February 2016) and are based on services provided to the Plate Boundary Observatory (PBO) by National Center for Airborne Laser Mapping (NCALM; http://www.ncalm.org, last accessed February 2016). PBO is operated by UNAVCO for EarthScope (http://www. earthscope.org, last accessed February 2016) and supported by the National Science Foundation (NSF; Grant Numbers EAR-0350028 and EAR-0732947). The seismic-reflection data are from a seismic-imaging experiment across the Santa Rosa plain (https://nees.org/warehouse/project/515, last accessed February 2016) supported by the George E. Brown, Jr. Network for Earthquake Engineering Simulation (NEES) Program of NSF at the University of Texas, the Sonoma County Water Agency, and the City of Santa Rosa. The Doyle Park profile data are archived separately at http://ds.iris.edu/SeismiQuery/ assembled.phtml (last accessed February 2016) (Report Number 14-066). The Global Positioning System data for the terrestrial lidar survey in Doyle Park were postprocessed using the National Geodetic Survey's Online Positioning User Service (http://www.ngs.noaa.gov/OPUS/, last accessed July 2014). The terrestrial lidar point cloud data were classified to identify ground points using the classification routines in TerraSolid Terrascan v.015 (www.terrasolid.com, last accessed November 2014); the ground points were then gridded with a triangulation (with linear interpolation) algorithm using Golden Software Surfer 12 (www.goldensoftware.com, last accessed November 2014). The gridded elevation data were visualized as slope and hillshade maps using the Spatial Analyst tools in ESRI ArcGIS 10.1 (www.esri.com, last accessed November 2014). The double-difference earthquake locations are from v201112.1 of the NCAeqDD catalog series (Waldhauser and Schaff, 2008) , downloaded from http://www.ldeo. columbia.edu/~felixw/NCAeqDD/ (last accessed July 2014). Regional fault-trace mapping is from U.S. Geological Survey (USGS) and California Geological Survey, 2010, Quaternary Fault and Fold Database for the United States, Geographic Information Systems (GIS) shapefiles, downloaded July 2012 from the USGS website (earthquakes.usgs.gov/hazards/ qfaults/, last accessed February 2016).
Description of Methods Technical Specifications for Terrestrial Lidar Survey in Doyle Park
A Riegl VZ400 3D laser scanner mounted on an elevated tripod at an average height of ∼3:5 m above the ground was used to collect dense 3D point clouds in the area where the fault crosses Doyle Community Park. Each scan could see at least three fixed targets that were surveyed with a Leica Viva Global Positioning System (GPS) system. The GPS data were postprocessed using Online Positioning User Service (see Data and Resources), providing ∼2 cm accuracy of target locations. The fixed targets were used to align all individual scan locations into a single georeferenced master point cloud; the root mean square fit of all scan alignments was < 1 cm. This point cloud was filtered and classified to isolate ground and near-ground returns using Terrasolid TerraScan software (see Data and Resources). These points were gridded to 5 cm digital elevation models (DEMs) using Golden Software Surfer 12. These data were imported into ESRI ArcGIS to produce derivative hillshade and slope map grids (see Data and Resources).
Technical Specifications for Seismic-Reflection Data Acquisition and Processing
Following generally standard data acquisition and processing (Tables A1 and A2) , the dominant spectral range 
